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Inﬂammation is a decisive pathophysiologic mechanism of particle toxicity and accumulation of neu-
trophils in the lung is believed to be a crucial step in this process. This study describes an in vitro model
for investigations of the chemotactic attraction of neutrophils in response to particles using permanent
cell lines. We challenged NR8383 rat macrophages with particles that were characterized concerning
chemical nature, crystallinity, and size distribution in the dry state and in the culture medium. The cell
supernatants were used to investigate migration of differentiated human leukemia cells (dHL-60 cells).
The dose range for the tests was determined using an impedance-based Real-Time Cell Analyzer. The
challenge of NR8383 cells with 32–96 lg cm2 coarse and nanosized particles resulted in cell super-
natants which induced strong and dose-dependent migration of dHL-60 cells. Quartz caused the stron-
gest effects – exceeding the positive control ‘‘fetal calf serum’’ (FCS) several-fold, followed by silica,
rutile, carbon black, and anatase. BaSO4 served as inert control and induced no cell migration. Particles
caused NR8383 cells to secrete chemotactic compounds. The assay clearly distinguished between the par-
ticles of different inﬂammatory potential in a highly reproducible way. Speciﬁcity of the test is suggested
by negative results with BaSO4.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Inhalation of particles is a major cause of inﬂammatory lung
diseases such as chronic obstructive pulmonary disease (COPD),
lung ﬁbrosis and seems even to contribute to lung cancer (IARC,
1997, 2012). This is believed to be a consequence of chronic lung
inﬂammation which can occur after high and prolonged particleexposures (Oberdörster, 1995). Estimates based on in vivo data
suggest that these effects are reﬂected by in vitro experiments:
Alveolar retention of Ag and TiO2 nanoparticles and carbon nan-
otubes from a working-lifetime exposure is similar compared to
concentrations that are typically effective in vitro and amount up
to 400 lg mL1 (Gangwal et al., 2011), albeit this concentrations
rather display ‘‘the high-end limit of an in vitro study’’
(Oberdörster, 2012). However, only a few toxicological in vitro
assays include functional inﬂammatory endpoints.
Particle-induced inﬂammation of the lung is initiated by the
recruitment of macrophages and neutrophilic granulocytes: In a
ﬁrst step, macrophages are attracted to the site of particle impact
by type II alveolar cells. Though this is a common ﬁnding in particle
exposed experimental animals, in vitro experiments on the migra-
tion of inﬂammatory cells are rare. The tumor-derived pulmonary
epithelial rat cell line L2 attracted J774.2 rat macrophages to the
site of particle impact following challenge with non-cytotoxic con-
centrations of carbon black (signiﬁcant) and TiO2 (not signiﬁcant),
but the effects varied strongly and did not show a doubling of the
background level or a dose response relationship (Barlow et al.,
Table 1
Particles are ranked according to their strength in the particle induced migration assay. Crystallinity, primary particle size as speciﬁed by distributor, particle size distribution of
dry samples (determined by scanning electron microscopy), average particle size (typically agglomerated) in cell culture medium (determined by DLS), IC50 (determined by cell
adherence experiments) (each 3 measurements).
Compound Amorphous (a) or crystalline
(c) (XRD)
Primary particle size (range nm)
(distributor information)
Particle size distribution
(±nm) (SEM)
Agglomerate size: z-average
(±nm) (DLS)
IC50
(lg cm2)
Coarse quartz c 1000–5000 384(216) 1500(400) 80.7
Nanosized
silica
a 10–20 49(12) 2000(1000) 4.6
Coarse rutile c <5000 1140(430) 1600(600) 17.5
Carbon black a <200 83(23) 600(200) 55.4
Nanosized
rutile
c <100 67(18) 600(200) 5.1
Coarse
anatase
c Unspeciﬁed 140(38) 550(150) 254.8
Nanosized
anatase
c <25 33(7) 1700(600) 196.1
BaSO4 c Unspeciﬁed 2250(920) 3700(1800) 455.9
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neutrophilic inﬂammation of the lung can be modeled in vitro.
According to a second publication, the particles stimulated the
release of chemotactic peptides such as ‘‘monocyte chemo-attrac-
tant protein-1’’ (MCP-1) (=Chemokine (C–C motif) ligand 2; CCL2)
and ‘‘macrophage inﬂammatory protein 2’’ (MIP-2) (=Chemokine
(C–X–C motif) ligand; CXCL2) (Barlow et al., 2005b).
After continued particle exposure a recruitment of lung macro-
phages is followed by an accumulation of neutrophils. In vitro data
concerning neutrophilic inﬂammation of the lung are rare and did
not display clear results: Macrophages from bronchial lavage of
particle exposed guinea pigs were able to attract peritoneal exu-
dated neutrophils and macrophages following intratracheal instil-
lation of quartz (Lugano et al., 1982). As in the study of Barlow and
coworkers (2005a), the effects were weak and no dose dependency
was apparent. Skoczen and colleagues (2011) investigated the
migration of undifferentiated HL-60 cells after challenge with
nanoparticles as a model for the chemo-attraction of neutrophils,
however without showing a noteworthy response.
Particle mass, particle number- and size distribution, agglomer-
ation of particles, and surface area are discussed as major, indepen-
dent determinants of a general particle effect that induces
inﬂammation at or near particle lung overload. However, certain
particles such as silicon dioxide (SiO2), and in particular the crys-
talline form quartz, show especially pronounced, speciﬁc toxicity.
This might for example be caused by catalytic surface properties
(Warheit et al., 2007). The features which determine speciﬁc parti-
cle toxicity remain largely unknown and may differ for certain
compounds. In addition, various biological responses may be trig-
gered: For example, speciﬁc surface properties may directly trigger
pro-inﬂammatory cell signaling. The release of interleukin-8 (IL-8
or CXCL8) by monocytes after exposure toward urate crystals
was interpreted as direct particle effect (Terkeltaub et al., 1991).
Liu and coworkers (2012) suggested that SiO2 particles (amor-
phous silica nanoparticles) can act directly via CD40–CD40L (clus-
ter of differentiation) mediated activation of the JNK/NF-jB
pathway (c-Jun activating kinase/nuclear factor-jB). This was
demonstrated in a co-culture model comprising of human umbili-
cal vein endothelial cells and THP-1 monocytes. Speciﬁc particle
toxicity may as well be caused by adherent toxins. Experiments
with diesel exhaust particles, which were extracted with dichloro-
methane, showed that adherent organic compounds such as poly-
cyclic aromatic hydrocarbons can contribute to the inﬂammatory
effects (Yanagisawa et al., 2003).
The comparison of common in vivo and in vitro markers of par-
ticle toxicity showed little correlation with the exception of the red
blood hemolysis assay (Lu et al., 2009). The need for the develop-
ment, standardization, and validation of in vitro screening toolsfor particle toxicity was pointed out by Sayes and coworkers
(2007). A recent comparative study suggests that the hemolytic
activity in vitro reﬂected best the acute lung inﬂammogenicity in
terms of total granulocyte counts in the bronchial lavage of rats
after instillation of nanoparticles (CeO2, TiO2, carbon black, SiO2,
NiO, Co3O4, Cr2O3, CuO, and ZnO) (Cho et al., 2013).
We aimed on a highly reproducible and cost effective in vitro
assay for the investigation of particle induced neutrophilic inﬂam-
mation of the lung using easily accessible and established cell lines.
The principle of the assay is based on the migration of neutrophils
as functional endpoint, since the attraction of neutrophils is a par-
ticular sensitive toxicological endpoint for acute inﬂammation fol-
lowing exposure toward insoluble particles in vivo (Ma-Hock et al.,
2009; Donaldson et al., 2008; Klein et al., 2012). The test was
desired not to be impaired by an interference of the measured end-
points with the particles, to allow the depiction of a clear dose
response relationship and a sufﬁcient signal-to-noise ratio. For this
purpose we used HL-60 cells (human leukemia, ATCC CCL-240™),
since primary neutrophils are difﬁcult to purify in the resting state,
and have a short life span. The promyelocytic leukemia HL-60 cells
line is one of the most widely used and best validated model for
the investigation of chemotaxis (Nuzzi et al., 2007). Spontaneous
differentiation of these cells to mature granulocytes (dHL-60 cells)
can be induced by retinoic acid (Breitman et al., 1980). The dHL-60
cells are excellently suited for the investigation of chemotaxis
(Millius and Weiner, 2010). NR8383 macrophages are derived from
healthy Sprague–Dawley rats (ATCC CRL-2192™). This estab-
lished cell line was shown to phagocytize and release chemotactic
compounds (Helmke et al., 1987). We could in fact show that
supernatants which were derived from particle-exposed NR8383
cells strongly attracted dHL-60 cells in a dose-dependent and
highly reproducible way.2. Materials and methods
Particles: rutile TiO2 (CAS No. 1317-80-2, Lot BCBF4537V,
>99.9%, <5 lm and Lot BCBH0765V, 99.5%, <100 nm), anatase
TiO2 (CAS No. 1317-70-0, Lot MKBG3671V, 99.8% and Lot
MKBH6453V, 99.7%, <25 nm), SiO2 quartz (CAS No. 60676-86-0,
Lot 060M0082V, 99%, 0–10 lm, 80% 1–5 lm), silica (CAS No.
7631-86-9, Lot MKBF2889V, 99.5%, 10–20 nm), carbon black (CAS
No. 1333-86-4, LOT 3007575687-10, >99.95%, <200 nm) (Sigma–
Aldrich, Steinheim, Germany) and BaSO4 (gently provided by
Christian Monz, BG RCI – Institut für Gefahrstoff-Forschung (IGF),
Waldring 97, Bochum, Germany) (details see Table 1). The inactiva-
tion of pyrogens and endotoxins that might be attached to the
particles was achieved by dry heat sterilization for 3 h at 220 C.
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mined by X-ray powder diffraction with a Bruker D8 Advance
instrument in Bragg–Brentano mode (Cu Ka radiation, 1.54 Å,
40 kV, 40 mA). Scanning electron microscopy (SEM), served to ana-
lyze the particle size of the dry powders, was performed with a FEI
Quanta 400 ESEM instrument in high vacuum after sputtering with
Au:Pd (80:20). Energy-dispersive X-ray spectroscopy (EDX) was
carried out with a Genesis 4000 instrument. The size of the
agglomerated particles was analyzed by dynamic light scattering
(Malvern Zetasizer ZS ZEN 3600, 25 C, laser wavelength
633 nm). The scattering was monitored at a ﬁxed angle of 173
in backward scattering mode. To obtain realistic data, particles
(200 lg mL1) were incubated in cell culture medium at 37 C for
24 h. Since the particles settles within minutes, patterns were
mixed with a Vortex before DLS (dynamic light scattering) mea-
surements. Particle sizes are given as z-average values of diameter
(corresponding to size distribution by intensity). The deviation in
size is given as polydispersity in nanometers of three runs, respec-
tively that were performed using single particle dispersions.
Cell lines: NR8383 cells were purchased from ATCC via LGC
Standards GmbH (Wesel, Germany) and cultivated at 37 C, 100%
humidity and 5% CO2 in Ham’s F12 + 15% FCS (fetal calf serum,
Biochrom KG, Berlin, Germany), 2 mM L-glutamine, 100 lg mL1
penicillin, and 100 U mL1 streptomycin. Approximately 1.2  106
cells were seeded in 2.5 mL medium each. HL-60 cells and THP-1
cells were purchased from DSMZ (Braunschweig, Germany) and
cultivated in RPMI 1640 medium (Biochrom KG, Berlin,
Germany), 10% FSC, 2 mM L-glutamine, 100 lg mL1 penicillin
and 100 U mL1 streptomycin.
Differentiation of HL-60 cells: For the investigation of chemotaxis
we used trans-retinal differentiated HL-60 cells (dHL-60): The HL-
60 cells were cultivated in RPMI 1640 medium (Biochrom KG,
Berlin, Germany), 10% FSC, 2 mM L-glutamine, 100 lg mL1 peni-
cillin, 100 U mL1 streptomycin and 1 lM trans-retinal at 37 C,
100% humidity and 5% CO2, for three days (Breitman et al., 1980).
The dHL-60 cells grow adherent to conventional culture dishes.Fig. 1. Representative scanning electron micrographs of BaSO4 (A), coarse cryVitality and cytotoxicity: Phagocytosis of particles by NR8383
macrophages was conﬁrmed by light microscopy (Olympus CX
41, Camera Olympus SC100, Olympus Europe SE & Co. KG,
Hamburg, Germany). Particle toxicity was monitored in parallel
by trypan blue staining (0.4%, Sigma–Aldrich, Steinheim,
Germany). Cells were photographed by using a Plan CN-lens
40/0.65 and an ocular WHB 10-H/20.
Cytotoxicity: The measurement of cell adhesion and toxicity
was performed using cell culture plates with interdigitated
micro-electrodes (so called ‘‘E-Plates’’) and the Real-Time Cell
Analyzer (RTCA) station (iCELLigence, OLS OMNI Life Science
Bremen, Germany) according to the supplier (see also: Sergent
et al., 2012; Tran et al., 2013). Initially we determined the opti-
mal growth rate by a cell titration from 10,000 to 70,000 cells.
The optimum of 40,000 NR8383 cells per well were seeded and
cultivated in Ham’s F 12 + 20% FSC at 37 C, 100% humidity and
5% CO2. Cytotoxicity was tested in three independent experi-
ments. To determine the background of the E-Plates, 100 lL
medium was ﬁlled into each well and the E-Plate was left in
the tissue culture hood for 30 min at room temperature.
Subsequently 50 lL of the NR8383 cell suspension was added
(40,000 cells per well). The E-Plate was left in the tissue culture
hood for 30 min at room temperature and then placed into the
RTCA. Cells were allowed to grow for 24 h and impedance was
measured every 10 min. After 24 h 50 lL of particle suspension
was added to the wells to reach ﬁnal concentrations of 1–
500 lg cm2 (equivalent to lg ml1). Impedance was measured
for at least another 20 h every 10 min. RTCA software picked
data points for IC50 calculation. Data points were transferred to
GraphPad Prism software and a nonlinear regression analysis
was performed to obtain the IC50 values for each substance.
One well was left without cells to conﬁrm the impedance was
not inﬂuenced by the particles. This well contained cell culture
medium and the highest amount of particles (500 lg cm2).
Particles were added to reach ﬁnal concentrations of 0, 1, 4, 8,
16, 62, 125, 250 and 500 lg cm2.stalline SiO2 (quartz) (B), nanosized anatase (C), and coarse anatase (D).
Fig. 2. Size trends of different particles in cell culture medium (plus 10% FCS) after incubation for 24 h at 37 C. Three experiments were performed using the same
dispersions. The sizes of agglomerated particles are given as z-average values (black boxes). The polydispersity is shown in black bars in nanometers.
Fig. 3. EDX analysis of nanosized rutile for coating with SiO2 showed only minor
amounts of Si.
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3  106 mL1 NR8383 rat macrophages were seeded in 3 ml
Ham’s 12 medium supplemented with 15% FCS, 2 mM L-glutamine,
100 lg mL1 penicillin, and 100 U mL1 streptomycin each. The
particles were suspended by use of a vortex in 1 mL culture med-
ium and added to the cells to reach a ﬁnal volume of 4 mL (ICN,
Eschwege, Germany). The surface area of the culture ﬂasks was
12.5 cm2, resulting in 240,000 cells per cm2 seeded. The particles
were initially added in amounts up to 500 lg mL1 (160 lg cm2).
One sample of cells without added particles served as negative
control. The subsequent experiments were repeated up to concen-
trations which yielded maximal induction of chemotaxis. The cells
were cultivated with the particles at 37 C, 100% humidity and 5%
CO2 for 16 h. Thereafter, the cells were removed by centrifugation
with 400 g for 5 min at room temperature. Subsequently the parti-
cles were removed by centrifugation with 15,000 g for 10 min. The
supernatants were used for the migration tests.
Chemotaxis assay: Prior to the test the dHL-60 cells were starved
by culturing without FCS overnight. 200,000 of these dHL-60 cells
were added to 200 lL RPMI without FCS and seeded in each platewell insert (THINCERT, 3 lm pore size, Greiner bio-one,
Frickenhausen, Germany) of the ‘‘Boyden Chamber’’. The inserts
were placed on 24 black well plates (Krystal, Duna Labortechnik,
Asbach, Germany). The wells contained 500 lL supernatants of
the challenged NR8383 cells. The dHL-60 cells were allowed to
migrate across the membrane at 37 C, 100% humidity and 5%
CO2 for 20 h. Four plate wells were left without inserts and served
for calibration. For this purpose 0–200,000 dHL-60 cells were
seeded directly into the plate wells. The migrated cells were
stained by adding 500 lL calcein-AM (>90% HPLC, Sigma–Aldrich)
(4 lM in PBS) into the plate wells. Calcein-AM was delivered as
4 mM solution in DMSO. The solution was stored in aliquots at
18 C. Prior to use we diluted 12.5 lL of this solution in
12.5 mL PBS to yield a ﬁnal concentration of 4 lM. The samples
were incubated for another 60 min at 37 C and 5% CO2.
Following the staining the cell suspensions were removed from
the plate wells and collected with 400 g for 5 min at room temper-
ature. 850 lL of the supernatant were discarded. The pellet was re-
suspended in the remaining 150 lL. In parallel we detached adher-
ent cells from the outside of the inserts by incubating the inserts in
the plate wells with 500 lL trypsin/EDTA (0.05%/0.02%, Biochrom
KG, Berlin, Germany). Incubation was performed for 10 min at
37 C and 5% CO2 and the inserts were removed from the plate
wells. Finally we added the 150 lL samples of the collected cells
to the detached cells in the plate wells. Fluorescence was measured
at 490/520 nm (SpectraMax M3, Molecular Devices, Sunnyvale,
USA). Before each measurement the plates were vigorously moved
by the shaker which is integrated in the ﬂuorescent photometer.
Initially FCS was used as positive control according to a protocol
which was published online (http://www.greinerbioone.com/
UserFiles/File/ThinCert/492en_Protocol_Migration_Assay.pdf). In
subsequent experiments, nanosized SiO2 served as positive control
as it caused a considerably higher cell migration than FCS.
Each compound was tested at least in three independent exper-
iments. Acceptance criteria for a valid test were positive controls
(nanosized silica, Figs. 6 and 7) and negative controls within the
range of the initial validation experiments and a dose-dependent
increase of migrated cells across at least 2 consecutive concentra-
tions, with a maximum exceeding the base rate by at least two
times at the highest concentration (96 lg cm2). The base rate ran-
ged from 12,067 to 27,980 migrated cells and the positive controls
from 40,382 to 58,807 migrated cells, respectively.
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Fig. 4. Experiment was performed with interdigitated micro-electrodes (E-Plates) and a Real-Time Cell Analyzer (RTCA) station. The optimum of 40,000 NR8383 cells per well
were seeded and allowed to grow for 24 h. 0, 1, 4, 8, 16, 64, 125 and 250 lg cm2 of the particles were added at 24 h (apparent by the application peak). Impedance was
measured every 10 min. This experiment is exemplarily shown for the data which were used to calculate 50% inhibition values (IC50) by nonlinear regression analysis
(Fig. 5A–H).
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Particle characterization: Identity and crystallinity of the sub-
stances were conﬁrmed using X-ray powder diffraction (exemplar-
ily shown for nanosized and coarse SiO2, Fig. 1). All materials were
crystalline except carbon black and nanosized SiO2 which appeared
to be amorphous. Nanosized silica shows only a broad halo, indi-
cating an amorphous material, whereas the diffractogram of the
coarse quartz shows a series of sharp reﬂections which points
toward the crystalline form (supplementary data Fig. 1).
Particle size and morphology of the dried dispersion were
determined by scanning electron microscopy (SEM). The hydrody-
namic size of the particles and their agglomerates were studied by
using dynamic light scattering (DLS). All sizes are given as diame-
ters (Table 1).
Scanning electron micrographs for barium sulfate (Fig. 1A)
show spherical primary particles with a broad size distribution,
whereas coarse SiO2 (Fig. 1B) consist of polymorph grains with dif-
ferent sizes. Both nanosized and coarse anatase (Fig. 1C + D) consist
of almost homogenous grains with more or less spherical-like
morphology.
The hydrodynamic diameter of agglomerated particles was
determined by dynamic light scattering (DLS). All particles agglom-
erated in the cell culture medium as well as in pure water and set-
tled within minutes. The measurements therefore give only a
rough estimate of the size of the particle agglomerates. To exclude
effects of dispersion media on DLS measurements, we studied both
cell culture media (with 10% FCS) and FCS without particles. No
signiﬁcant inﬂuence of dispersion media was observed (Fig. 2).
Furthermore, we investigated the effect of the additional serum
on stability and agglomeration behavior. Therefore we dispersed
the particles in aqueous solution of 10% FCS and compared the par-
ticle sizes with those in cell culture medium and ultrapure water.
Particles, dispersed in an aqueous solution of FCS, showed a
decrease in size, except nanosized rutile and coarse anatase whose
agglomeration was not inﬂuenced by the presence of serum. This
suggests a higher colloidal stability in the presence of FCS. The
incubation in DMEM with 10% FCS led to an increase in the sizeof the nanosized SiO2 (silica), nanosized anatase and coarse rutile.
The other particles did not show a signiﬁcant change in hydrody-
namic diameter (supplementary data Tables 1 and 2).
According to the supplier, the nanosized rutile might contain up
to 5% SiO2 as coating. For veriﬁcation, the nanosized rutile was
therefore analyzed by energy-dispersive X-ray spectroscopy
(EDX). However the EDX analysis showed only a weak Si signal,
ruling out a high content of silica (Fig. 3).
Biological assays: We investigated biological particle effects
using light microscopy, impedance based, real time loss of cell
adherence and cell migration. Loss of adherent cells was used as
measure of cytotoxicity. The experiments were performed with
interdigitated micro-electrodes (E-Plates) and a Real-Time Cell
Analyzer (RTCA) station. This provides the investigation of cytotox-
icity without interference of the toxic endpoint and the particle
content. Initially particles concentrations were referred to in
lg mL1. Since it became apparent that all particles sedimented
within minutes, we displayed the results in lg cm2 throughout
the manuscript.
Vitality and cytotoxicity: Microscopic evaluation conﬁrmed that
the NR8383 cells were able to phagocytize the particles in concen-
trations up to 160 lg cm2 (500 lg mL1). Trypan blue staining
(0.4%) was used to label dead cells. It could be shown that consid-
erable toxic effects occurred in concentrations above 32 lg cm2
(100 lg mL1) (exemplarily shown for coarse rutile in Fig. 4).
Loss of cell adherence and toxicity is apparent by a reduction of
the cell index below the blue line showing cells only (0 lg cm2).
Three independent experiments were performed, respectively.
Addition of particles caused a dose-dependent loss of adherent
cells and decreased cell indices (exemplarily shown in Fig. 4).
Possible interference of the measurements with the particles was
determined by addition of particles in the maximum tested
amount without any cells. No interference of the particles occurred
with the measured endpoint.
IC50 values were calculated by nonlinear regression analysis on
the basis of these experiments. IC50 values ranged from
4.6 lg cm2 (nanosized silica) to 446 lg cm2 (barium sulfate).
Nanosized silica induced the strongest toxicity, followed by
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Fig. 5. (A–H) Nonlinear regression analysis of impaired cell adherence based on real time data. For each type of particles three individual experiments were performed.
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and coarse anatase, and barium sulfate (Figs. 5A–H, summarized in
Table 1).
Chemotaxis: Challenge of NR8383 rat macrophages with 32 up
to 160 lg cm2 particles resulted in cell supernatants which were
able to induce dose dependent cell migration of dHL-60 cells. In
accordance with the determination of cytotoxic effects, this
effect decreased above 96 lg cm2 (Fig. 6–9). Cell supernatants of
challenged THP-1 cells were not able to induce cell migration (data
not shown).Initially, FCS (0%, 2%, 5% and 10%) was used as positive control.
Quartz and silica caused the strongest chemotaxis – exceeding the
initial positive control ‘‘fetal calf serum’’ (FCS) several-fold (Figs. 6
and 7). Therefore we used silica as positive control in the succeed-
ing experiments. The chemotactic effects of quartz and silica paral-
leled each other up to about 80 lg cm2 (Fig. 7). However silica
exerted toxicity around 4.6 lg cm2 (Fig. 5) and consequently
chemotaxis was induced by cytotoxic silica concentrations.
Unlike silica, quartz induced chemotactic effects at non cytotoxic
particle concentrations well below its IC50 of 80.7 lg cm2
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Fig. 6. Migration of dHL-60 cells in response to culture supernatants that were
obtained following challenge of NR8383 macrophages with FCS and nanosized
(amorphous) SiO2 (diameter 10–20 nm). Each compound was tested in at least 3
independent tests. Since the effects of FCS were quite weak, in the subsequent
experiments nanosized SiO2 were used as positive control (0, 32, 64, and
96 lg cm2, corresponding to 100, 200, and 300 lg mL1).
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Fig. 8. Migration of dHL-60 cells in response culture supernatants that were
obtained after challenge of NR8383 cells with 0, 32, 64, and 96 lg cm2 coarse and
nanosized (diameter 5 lm and 100 nm) rutile and anatase (5 lm and 25 nm). N = 3
independent tests.
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(Fig. 7). The strength of chemotactic effects quartz and silica were
followed by rutile and carbon black (Figs. 8 and 9). Anatase showed
very weak effects. BaSO4 served as inert control and induced no cell
migration (Fig. 9). The test turned out to be very robust and
reproducible.4. Discussion
Most toxicological in vitro assays are designed to investigate
soluble compounds. Our goal was to develop a new functional
in vitro assay to assess inﬂammatory effects of particles. Since
the accumulation of neutrophils is a key feature of lung inﬂamma-
tion, we established a chemotaxis assay with dHL-60 cells. The test
shows dose dependent and strong particle induced chemotaxis of
dHL-60 cells in response to cell supernatants of particle challenged
NR8383 macrophages. This is the ﬁrst assay for particle-induced
neutrophilic chemotaxis that completely consists of permanent
cell lines. The assay is robust, highly reproducible and cost effec-
tive. Speciﬁcity of the test is suggested by weak effects of anatase
and absent effects of BaSO4 (Fig. 9).
Inﬂammatory particle effects can result from the direct induc-
tion of cell signaling (Mossman and Glenn, 2013) or indirectly by
cytotoxic effects such as lysosomal damage (Kusaka et al., 2014).
Differentiation of both mechanisms may be possible by compar-
ing the dosages that induce toxicity or cell migration. We mea-
sured cytotoxicity of the particles by changes of the electrical
impedance across interdigitated cell culture plates. The test
shows loss of adherent cells in real time. An advantage of the testµg cm-2
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Fig. 7. Migration of dHL-60 cells in response culture supernatants that were yielded
after challenge of NR8383 macrophages with 0, 32, 64, and 96 lg cm2 nanosized
silica (diameter 10–20 nm) and coarse quartz (diameter 5 lm). N = 3 independent
tests.is the lack of interference which may be caused by quenching or
light scattering by the particles when UV- or ﬂuorescence-based
detectors are applied. However, loss of adherent cells does not
mean in any case that cells are non-viable; they just may have
detached.
BaSO4 was repeatedly shown to be not or only very weakly
inﬂammogenic in vivo (Klein et al., 2012; Tran et al., 2000; Cullen
et al., 2000). In agreement with these data we observed very weak
– if any – cell migration following a challenge with BaSO4. In addi-
tion, anatase caused only weak chemotaxis that is again in agree-
ment with published in vivo data (Warheit et al., 2007;
Roursgaard et al., 2011; Lu et al., 2009; Creutzenberg, 2013).
Those particles that caused no (BaSO4) or weak (anatase) migration
of dHL-60 cells as well acted quite weakly on cell adherence
(Fig. 5A–H, Table 1). Accordingly, those compounds that acted
strongly on cell migration were strongly cytotoxic (IC50 of
5.1 lg cm2 nanosized rutile and 4.6 lg cm2 nanosized, amor-
phous). Coarse quartz however led to chemotactic cell super-
natants well below its IC50 of 80.7 lg cm2 (Fig. 5E) while its
dose response curve shows a further increase at this dosage
(Fig. 7). This biphasic response may account for two different
mechanisms which lead to chemotaxis; one acting speciﬁc – for
example receptor mediated which was indeed shown for SiO2
and the FccII-receptor (Haberzettl et al., 2008) – as well as macro-
phage receptor with collagenous structure (MARCO) and tumor
necrosis factor receptors (TNFR) (Mossman and Glenn, 2013) and
a second representing nonspeciﬁc cytotoxicity. Further investiga-
tions are needed to support this hypothesis.
An alternative mode of action was suggested by Pauluhn (2014).
Short-term pulmonary toxicity studies preferentially observe par-
ticle surface area-related outcomes, whereas long-term studies
rather show particle volume related outcomes. The acute effects
were ascribed to particle-speciﬁc surface area/activity and tem-
porarily destabilization of the lung surfactant followed by a tran-
sient dysfunction of the air-blood barrier. This may occur due to
surfactant consumption of the particles at high dosages. In line
with this hypothesis a comparative study with multi walled carbon
nanotubes (MWCNT) revealed that increase of BAL-protein as one
of the most sensitive endpoints showing dysfunction of the air-
blood barrier was restricted to the early sampling time points.
Elevated total BAL cell counts that occur at lung overload were
seen at later time points. Particle uptake is mediated by receptors
that are able to recognize protein enclosed particles such as Fc
receptors (FccR) (Haberzettl et al., 2008).
Inﬂammatory particle effects in vivo are determined by particle
size, mass, number, speciﬁc surface area, the size of their agglom-
erates, lung deposition and clearance. In addition several factors
can inﬂuence intrinsic inﬂammatory particle effects, including
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Fig. 9. Migration of dHL-60 cells in response culture supernatants that were
obtained after challenge of NR8383 macrophages with 0, 32, 64, and 96 lg cm2
nanosized carbon black (diameter 200 nm), nanosized silica (SiO2) (diameter 10–
20 nm), TiO2 (rutile, diameter 100 nm), and BaSO4. N = 3 independent tests.
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shape of particles (Braakhuis et al., 2014). Remarkably the least
inﬂammatogenic and cytotoxic particle is indeed BaSO4; the only
material which is completely spheric (Fig. 1). The size of the
primary particles or the agglomerates does not seem to have a
dominating effect in our in vitro cell migration assay. Notably the
agglomerates of the nanosized particles were of similar size
compared to those agglomerates of the coarse ones or even bigger
but no trend concerning the size of primary particle or agglomer-
ates and induction of cell migration or cytotoxicity is apparent
(Table 1). The particles were applied in culture medium containing
10% FCS, though addition of FCS might decrease particle toxicity
in vitro (Horie et al., 2009). While the adsorption of proteins (e.g.
FCS) to the particle surface is known to have a stabilizing effect,
the particles agglomerated and settled mostly within approxi-
mately half an hour. Since however, the macrophages predomi-
nantly grow adherent (Helmke et al., 1987), we referred the
applied dose to the cell culture surface (lg cm2) rather than to
the cell culture volume (lg mL1) as previously suggested by
Stone et al. (2009). In fact, protein coating plays an important role
in vivo as the lung surfactant that is produced by epithelial cells
contains a huge amount of protein and phospholipids. Particles
that enter the pulmonary surfactant will therefore quickly be
coated by surfactant proteins. While however lung surfactant
phospholipids and BSA were differently effective in dispersing
the tested particles, it has not yet been determined which degree
of dispersion medium corresponds to the in vivo situation (Sauer
et al., 2015).
Our experiments showed pronounced differences in the chemo-
tactic responses which may be related to speciﬁc surface character-
istics or crystallinity. This is especially suggested by the weak or
absent effects of anatase and pronounced stronger induction of
chemotaxis by rutile. Concerning rutile and anatase, previous pub-
lications reported contradictory results (Sayes et al., 2006; Gerloff
et al., 2012; Roursgaard et al., 2011; Lu et al., 2009). Rather weak
inﬂammation and only small differences between the various
TiO2 forms and surface modiﬁcations were seen in Wistar rats fol-
lowing inhalation at non-, partial, and complete lung overload
(Creutzenberg, 2013). Surface properties and particle agglomera-
tion were discussed as reasons for contradictory ﬁndings
(Roursgaard et al., 2011). However, direct comparative studies
are rare and proper interpretation of our in vitro results requires
a broader data base.
Our cell migration assay seems to underestimate the inﬂamma-
tory effects of quartz, since a strong inﬂammation was observed in
rats following instillation of crystalline SiO2 (a-quartz, 0.2–2.0 lm,
average Ø480 nm) compared to anatase and rutile (Warheit et al.,
2007). Indeed the strongest response in our study was inducedby the coarse crystalline quartz. Coating of nanoparticles may as
well have a strong inﬂuence. Interestingly, inhalation of SiO2
coated rutile induced the by far strongest elevation of neutrophils
in BAL of BALB/c mice (Rossi et al., 2010). According to the supplier
the nanosized rutile used in our experiments was coated with 5%
SiO2, although EDX analysis showed only a very weak SiO2 signal
(Fig. 4).
Conclusions: This new model shows clearly differentiated
effects in a highly reproducible and dose dependent way. The
assay is easy to handle and avoids the use of primary cells.
Quartz, silica, nanosized and coarse rutile and carbon black parti-
cles caused cultured NR8383 to secrete compounds that are able
to induce migration of dHL-60 cells. Speciﬁcity of the assay is
suggested by the experiments which show no effects of BaSO4
and weak cell migration following exposure of the cells toward
anatase. The comparison of the doses that caused cell migration
and cytotoxicity suggest that the test may be able to differentiate
between inert and inﬂammatory particles. The assay might be
useful to yield a deeper insight in particle induced inﬂammatory
processes. The test allows a highly time-resolved investigation of
inﬂammatory markers in correlation with a functional feature.
This might for example enable a more detailed investigation of
the time course of particle toxicity and its dose dependency.
This again may allow a discrimination of speciﬁc and rather
un-speciﬁc particle effects. However, conclusive estimates
concerning the strength of the association of the induction of
in vitro cell migration and neutrophilic inﬂammation in vivo
require further validation and a broader data base.
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